The potential reduction of the aeroacoustic noise generated by an in duct plate, by allowing it to be flexible, is studied experimentally. The test object is a triangular plate inserted at an angle in a circular flow duct. Results are given for the active and passive acoustic properties. In addition the flow field and the vibrations of the plate are characterized. It is found that an appropriately yielding plate reduces the flow generated noise while keeping the mean flow field unaffected. 
Introduction
HE introduction of an object into a duct guiding a media will influence the internal flow field. Depending on the application this influence can range from being an undesirable side-effect to the actual purpose of the object. Often the hydrodynamic field is the main interest but this paper will also focus on the acoustic field. It is shown that by allowing the introduced object to be flexible one can influence the acoustic source-strength. From aero-acoustic theory the different aero-acoustic source mechanisms are known. Working with low Mach number internal flows without entropy changes or any mass injection, the main contributor is the dipole term associated with the fluctuating forces acting on the object; where the force is given by the unsteady flow separation process.
The test object chosen is an in-duct two-phase mixing device. It is used to efficiently mix an aerosol into a low Mach number gas stream. One application is diesel exhaust after-treatment systems using selective catalytic reduction (SCR), where an additive is injected under low pressure into an exhaust stream. 1, 2 A photograph of the test object installed in the test rig is seen in Figure 1 . The mixer consists of a single triangularly shaped plate, inserted at an angle of 32 degrees, and fixed at the base in a circular duct. More detail about the geometry of the tested object is given in Appendix A. The mixer plate induces two vortices, which propagate down the duct helping the injected fluid droplets to distribute into the gas. But, as already discussed, we are not mainly concerned with the mixing properties of the plate but its influence on the acoustic field. However effective as a mixer, it would disqualify for practical use if generating excessive levels of noise.
To reduce the strength of the dipole source one needs to manipulate the flow separation mechanism. One way of doing this, not having to resort to major design changes, is to allow the plate to be somewhat flexible. Thus affecting the unsteady flow separation process but leaving the mean flow field rather intact. To validate the above statement three different configurations were tested. They are realized by changing the thickness of the plate. Measurements are taken for each plate at a number of mean flow velocities, ranging from M=0 to M=0.21
The approach is experimental and will present results on the flow field, the vibration levels of the vortex generator as well as measures of the acoustic properties. The influence on the acoustic field of the obstruction can be separated into a passive and an active part. The passive part is given by the reflection and transmission characteristics for an incident acoustic wave while the active part represents the flow generated noise. 
I. Experimental procedure A. Passive and active acoustics properties
The system will be studied as an active acoustic two-port which can be expressed as
Where S is the scattering matrix and s  p the source vector. a and b are the up-and downstream reference cross sections respectively. The two-port is defined such as the positive travelling wave direction is outwards from it. From the definition it is seen that the elements (1,1) and (2,2) of the scattering matrix can be interpreted as reflection coefficients seen from the upstream and downstream side respectively, while the remaining two elements are the corresponding transmission coefficients.
The passive and active acoustic properties can be determined using a two step procedure. First the passive data (scattering matrix) is determined using the two microphone wave decomposition technique with external sources. Second the source vector is obtained assuming that the terminations are known from the passive measurement. The theory was first outlined by Lavrentjev et al 3 and was more recently described by Åbom et al 4 . Here, this methodology is followed but also some improvements to further the quality of the measurements are introduced.
The scattering matrix relates the forward and backward travelling wave amplitudes of the inlet and outlet cross-sections of the test object. Having pairs of microphones at known separation distances and using plane wave decomposition the travelling wave amplitudes are obtained 5 . Using the transfer function between the loudspeaker voltage and the microphone signal rather than the microphone signal itself will reduce the influence of local turbulence 6 . Following this procedure but using four microphones at each side of the test object, we form an over determined system of equations, from which the wave amplitudes are obtained more accurately. For each reference cross-section the forward and backward traveling waves are given by: The scattering matrix consists of four unknowns and each measurement gives two equations, hence to solve for the matrix components at least two independent test cases are needed. This is realized by having different external source configurations. [7] [8] Having one set of loudspeakers on each side of the test object at least three configuration are obtained: Upstream, downstream or both sets of loudspeakers switched on.
A common way of quantifying the passive acoustic properties of a system is via the transmission loss (TL), which relates the incident acoustic power to the transmitted assuming an anechoic termination downstream. From the definition of the scattering matrix it is seen that it is simply given by: In addition to the scattering matrix the reflection coefficients matrix, R, of the system terminations are calculated. Rewriting Eq. (1) the source vector can be represented as:
Where E is the unit matrix. An estimate for the source cross-spectrum matrix now can be obtained. However this involves using the auto spectra at the reference sections a and b. These results are sensitive to local turbulence at the microphone positions. To improve the result two reference cross-sections -sufficiently separated so that any local turbulence is uncorrelated -are used. The source cross spectrum estimate will then only depend on cross spectra between fluctuating pressures. The resulting equation is:
Where T is the transformation matrix for the source strength vector in between the chosen cross sections. The results can be further improved by over determining the system. That is, a number of different pairs of microphones are used on each side of the test object. 
B. Test rig description Figure 2. Test rig layout
5 Three different configurations are tested; the geometries are identical except for the thickness of the plate, which is varied as: 0.5, 1.5 and 3 mm. Placing the test objects in a transparent Plexiglas pipe gives optical access for the flow measurements. The triangular plate is inserted into the tube via a slit and fastened with an exterior bolt connector, see Figure 1 . To accommodate all three different plate thicknesses the slit is prepared according to the largest one. When the plate is fixed the slit is sealed with a paste. The length of the transparent duct is 1496 mm while the total length of the upstream and downstream ducts are 3880 and 3560 mm respectively. Throughout the system the inner diameter of the duct is 90 mm. From the test objet to the first microphone on the upstream and downstream side, the distances are 1.375 m and 1.984 m.
The over determination suggested in Eqs. (2)& (7) is made possible by using five microphones on each side of the test object. For the present setup the useful measurement range is approximately 200 to 1200 Hz. A sufficient excitation level -at all frequencies -is provided by an array of three loudspeakers with uneven separation distances on each side. For the passive measurements random excitation is used, taking 1000 averages in each measurement. Bruel&Kjaer ¼ inch, Model 4938 microphones and signal conditioning amplifiers are used together with a SigLab, Model 20-42 data acquisition system, which in turn is controlled by a standard personal computer.
The mean flow is generated by a fan feeding an anechoic stagnation chamber from which it is guided into the test rig. Thus, a stable and silent mean flow is provided. Assuming a fully turbulent velocity profile (1/7 power law) 9 , the mean flow velocity is monitored via a Prandtl tube located along the axis of the tube. The validity of this assumption was verified from the flow measurements discussed later. Further, the static pressure loss over the object is measured using a pressure differential meter. The vibrations of the plate are characterized using a 5 mm SHOWA strain gauge fastened to the wake side of the plate (see appendix B). The wiring was routed out of the duct via the slit and fed to a HBM 022493 Signal Conditioner before the SigLab data acquisition instrument described previously. In addition, a Photron APX-RS high-speed camera with the frame rate set to 3 kHz at a resolution of 1024´128 pixels was used to capture the movement of the plates for visualisation and further processing purposes. Since the vortex generator is triangular the distance from the edge to the camera position varies, which was compensated for by a Schiemflug mounted between the lens and the camera housing. To achieve a high contrast for the images the pipe was partly covered by white paper and a 500W halogen lamp was used as light source from behind. Images was acquired continuously for 10 seconds providing a total of 30 000 frames for each velocity.
C. Flow measurements
Velocity measurements were performed in the Plexiglas pipe constituting the test section for the flow measurements (see figure 2 ). These velocity measurements were performed using Particle Image Velocimetry (PIV), which allows for instantaneous velocity fields to be captured. A true advantage with the PIV technique is that it is an optical technique, i.e. there is no probe with appurtenant support perturbing the flow.
The PIV-system consists of a Spectra Physics 400 mJ double pulsed Nd:Yag laser operating at 15 Hz as a light source, and a double-frame Kodak ES1.0 8-bit CCD camera (1018 1008 pixels). Smoke particles, generated by heating a glycol based liquid with a disco smoke generator (JEM ZR20 Mk II), were used to seed the air and the smoke was injected through 5 hoses connected to the contraction of the pipe apparatus. The injection of smoke into the pipe was achieved by placing the smoke machine inside a pressurized chamber (cf. figure 2 ). This pressure chamber was regulated via a control valve and the pressure difference between the pipe at the injection location and the chamber was adjusted for suitable smoke density for the captured PIV images. Two arrangements of the camera and laser sheet were used, given two different views relative to the vortex generator for the velocity field measurements. The X, Y and Z directions correspond to the streamwise and crossdirectional coordinates, respectively. View I is the transverse section in the symmetry plane of the vortex generator, i.e. in the XY-plane as defined in figure 3 . View II is a 90 degrees rotation of view I, giving the velocity field in the XZ-plane. The measured fields were all around the dimension of 90 90 mm 2 .
Difficulties to get less than 6% rejected vectors, with a peak ratio validation of 1.2, was encountered due to reflections in the Plexiglas pipe. In the data processing 32 32 pixels were used as interrogation area size with an overlap of 50%. Furthermore, there are also missing data close to the inner pipe surface due to the non-adaptive particle displacement between the image pairs in the PIV-processing. The time set between the images in an image pair was tuned between 5 to 9 microseconds, depending on the X/D location, in order to get as low vector rejection value as possible.
II. Results

A. Flow field
Already the static pressure loss over the two-port yields interesting information. The pressure loss and drag coefficients, CL and Cd, give indications of the influence of the obstruction on the flow and acoustic field. In a duct the drag coefficient is given by:
Where the pressure loss,  p, is the one given by the vortex generator alone. That is, first the pressure loss of the empty duct is measured; this result is then subtracted from the pressure loss measurement with the vortex generator present. The 3 and 1.5 mm plates behave similarly and yields a constant drag coefficient as function of mean flow velocity. However, the 0.5 mm plate consequently gives a lower drag coefficient than the other two and does change its behaviour with increased mean flow velocity. As will be shown in the next section, see Fig. 9 , the 0.5 mm plate is slightly deflected by the mean flow, resulting in a reduced pressure loss. Since the same projected area has been used in the calculation Cd is reduced. However, even if this effect is compensated for it does not fully explain the declining drag coefficient with increasing mean flow velocity. Two other phenomena are likely to contribute: first the plate is given a more streamlined curvature with a lower Cd, secondly the vibrations of the plate affect the vortex generation. An indication on the passive acoustic properties can be obtained via a quasi-steady model [10] [11] . In the form proposed by Nygård 11 it basically gives a frequency independent scattering matrix based on the pressure loss
It is seen that when the pressure loss coefficient is low the reflection coefficient elements (1,1) and (2,2) are small while the transmission elements (1,2) and (2,1) are close to unity. With increasing pressure loss the balance changes and a larger part of the incoming travelling waves are reflected. Both the measured pressure losses and the Mach numbers are small, hence the influence on the passive acoustic properties of the plates should be small. Since the pressure loss coefficient for the 0.5 mm plate is even lower than for the two others it should influence the passive acoustic field less. However since C L is multiplied to the Mach number the resulting difference on the scattering matrix components is small.
The upstream flow conditions were characterized at the location X = -3D from the vortex generator. In figure 5 the mean velocity profile is shown where the no-slip wall condition has been added with bullet symbols. Note that all the velocity profiles shown here are not only time averaged, they are also spatially averaged in the streamwise direction from -0.5D to 0.5D from the given X/D station. Furthermore, unphysical data points, due to near wall factors and reflections (see section II.C), have been removed in order not to cause confusion. The dashed line, in figure 5 , corresponds to the empirical power law equation
with n = 7. This n-value is known to give a good agreement with experimental data in a smooth pipe, at Re~10 5 , apart from the centre line where the two boundary layer profiles meet and give rise to a rather unphysical discontinuity in the profile derivative. In addition, due to the presence of microphones and loudspeakers as well as duct joints, there are some surface imperfections, which cause a mismatch across the entire profile as shown in figure 5 . It is possible to observe that the empirical velocity profile is fuller close to the surface, till Y/D = ±0.4, and less fully elsewhere, when compared with the experimentally measured velocity profile. However, due to the profile crossing around Y/D = ±0.4 the integrated empirical and experimental mean velocity values agree remarkably well with each other. The calculated Mach numbers, based on the mean velocity, for both the empirical and the experimental cases become 0.12.
In figure 6 the effect of the 0.5 and the 3 mm thick vortex generators on the velocity field is compared for three different downstream stations. View I and II (see section I.C, figure 3 ) are shown in the first and second row of figures in figure 6 , respectively. The velocity profiles have been normalized with the maximum velocity of the two cases across the pipe. In view I an asymmetric mean velocity distribution is expected due to the accelerated and retarded flow on the bottom and the top side, respectively. The retardation is an 8 effect of the direct blockage of the vortex generator and the acceleration on the bottom is the compensation. The vortex generator can be seen as a wing with a low pressure on the lee-side and a high pressure on the oncoming flow-side. This pressure difference induces strong and steady vortices for small to moderate angles of attack, which become unsteady for higher angles of attack or for flexible and vibrating wings where vortex shedding become the dominating flow phenomenon. These vortices complicate the flow description from a mean velocity point of view. However, the main conclusion drawn from figure 6 is that there is hardly any difference of the mean velocity distribution between the two different plates. Furthermore, a comparison between view I and II at X/D = 9 does hardly show any indication of an upstream located vortex generator since the velocity distribution seems to be more or less axi-symmetric. View II, as expected, shows a symmetric velocity distribution across the pipe. Maybe less expected is how remarkably well the two different velocity profiles agree with each other.
In Figure 7 typical instantaneous high pass filtered velocity fields from view I and II are shown for both the 0.5 and the 3 mm cases. These fields reveal the smaller structures embedded in their corresponding mean velocity fields and are shown here in order to emphasize the fact that no major flow structure changes are detected between the 0.5 and the 3 mm cases. 
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B. Vibrations
A strain gauge was applied on the wake side of the plates along the centerline approximately at the center of gravity. The chosen position will capture any bending modes but not the torsional ones. In Figure 8 (a) the results from all three plates are seen. As expected, the number of maxima and their amplitude increase the weaker the studied plate is. For this study it is of vital interest to find if the found maxima are eigenmodes of the plates or forced vibrations. A simple eigenmode analysis of the vortex generator, using a standard commercially available finite element code, was performed. As seen in Table III-1 the simulated eigenfrequencies of the plates fits well with the measured results. Unfortunately it also confirms that the torsional modes one can expect for the 0.5 mm plate are not found due to the location of the gauge. The results suggest that the vibrations of the vortex generator are excited by the flow but restricted to the eigenmodes. This is confirmed by the results in Figure 8 (b); with varying mean flow velocity the maxima are not shifted in frequency but only changes in amplitude. However it can be argued that the flow separation, remembering the two counter-rotating vorticies created, would rather result in a torsional mode. If so, it would not be seen in these results. The amplitude of the oscillation is given by post processing the frames taken by the high speed camera. All three plates were studied at a number of mean flow velocities. Generally it was seen that the vibration amplitude of the two thicker plates were small, much smaller than the thickness of the plate. On the contrary, the 0.5 mm plate did oscillate with an amplitude, which already at M=0.12 is of the order of the thickness of the plate. As was mentioned already in the previous section there is a significant static deflection of the plate by the flow, which reduces the projected area covered by the vortex generator. The magnitude of oscillations is approximately 0.4 mm and can readily be seen by optical inspection.
C. Passive and active acoustics
The vortex generator -having a relatively low pressure loss -does not have a great influence on the passive acoustic properties. The transmission loss is about 1 dB at the highest Mach number studied and is slightly increasing with frequency, see Figure 10 (a). The attenuation is low and the signal relatively noisy, which makes it difficult to find any difference in between the three plates as was suggested by the quasi-steady model. As seen in Figure 10 (b) the attenuation increases with increasing Mach number. This is in accordance with Equation (9) . Although behaving as expected, the quality of the passive measurement is not entirely satisfactory. Even though the improvement suggested in section II.A are included the results are rather noisy. It was found that the loudspeaker connections to the rig -realized as side branches -actually induced flow noise corrupting the measurements. In addition, the long duct lengths are a problem when transporting variables in between cross sections. The results become sensitive to the correct estimation of the complex wave numbers. 
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The active results are presented in Figure 11 (a-b). The noise is broadband but does have a distinct maximum. The maximum is located close to a Strouhal number of unity, indicating that the characteristic length is appropriately chosen. As expected for flow generated sound the maximum occur at the same Strouhal number for all plates and mean flow velocities tested. The result for the empty pipe given in Figure 11 (a) is smoothed since the low Signal to Noise ratio gives a rather noisy result. Now, the most interesting result is that the sound generation by the 0.5 mm plate clearly is lower than for the two others. The two thicker plates, which we have learned are more or less inflexible, are hard to separate from each other while both the broadband component as well as the Strouhal tone is significantly lower for the thinnest one. The results presented in Figure 11 (a) are for the highest Mach number but the same relative difference is seen at all mean flow velocities tested. The periodic "ripple" seen on the curves are attributed to the problems with the passive data. There is a distinct trough for the 0.5 mm plate close to the Strouhal tone, coinciding with an eigenfrequency of the plate. Hence, although the sound generation is reduced for all mean flow velocities tested it seems the results can be further improved when the eigenfrequencies of the plate coincide with the flow separation mechanism. 
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III. Conclusion
The purpose of the vortex generator is to mix an injected aerosol into the gas guided trough the duct. Basically the present study focuses on the unwanted side-effects, the generated pressure loss and noise, and means of manipulating them. Generally, the pressure loss given by the vortex generator is low. This also indicates that its influence on the passive acoustic field is small. Typically the transmission loss is 1 dB or less in the Mach number range (M=0-0.21) studied. For the passive acoustic properties no difference is seen in between the three different plates. However, for the active acoustic properties, the flow noise generation, there is a clear difference between the weakest plate and the two others. The flow generated noise is reduced by approximately 3 dB at the Strouhal tone and slightly less at the broadband component. The reduction is due to the fact that the thinnest plate is significantly more flexible than the two others. The plate is driven by the flow separation at its eigenmodes. The amplitude of the oscillation is in the order of the thickness of the plate for the thin plate, while much less than the thickness for the other two. Although the generated noise is reduced at all mean flow velocities studied, it seems the best effect is obtained if the Strouhal tone coincides with an eigenfrequency of the plate.
The axi-symmetric turbulent pipe flow upstream of the vortex generator is highly modulated by the induced vortices at the plate. However, already at 9D downstream of the vortex generator one may conclude that the mean velocity profile is almost recovered, which is displayed by comparing the mean velocity profiles of two different views perpendicular to each other. Despite the major difference in stiffness of the 0.5 and the 3 mm thick plates the characterization of the flow field shows that the plate vibrations do hardly influence the mean velocity profile. Furthermore, one may conclude that there is no qualitative difference in flow structures between the two plates after having examined the high pass filtered velocity fields. A next step will be to perform a quantitative study, which will provide statistical data on vortex strength, vortex size, vortex decay rate, and frequency of appearance, that will be useful in characterizing the details of the generated vortices at the plate. This is important information in order to quantify the efficiency of the mixing process.
Allowing the vortex generator to be sufficiently flexible does reduce the flow generated noise still keeping the mean flow profile more or less unchanged. Hence, the main functionality of the system is kept while controlling the side-effects. This makes the arrangement interesting for engineering problems where flow obstructions are needed.
The presented work summarises the experimental part of a larger project. The results will be used to validate numerical simulation including two phase mixing and fluid structure interaction. Further, some experiments will be redone to further the quality. For example, the passive part of the acoustic properties can be improved by alterations to the test-rig.
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B. Strain gauge fixation
